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SUMMARY 


Flat, single-hay, skin-stiffener panels with length-width ratios of 2 were 
tested at a Mach number of J.O and at various dynamic pressures, stagnation tem- 
peratures, and differential pressures in order to determine some of the effects 
of thermal stress, differential pressure, and buckling on the flutter character- 
istics of elastically restrained panels. 

Two distinct flutter boundaries were obtained, one associated with standing- 
wave flutter and the other with traveling- wave flutter. Standing- wave flutter 
usually occurred when the differential pressure Ap was less than 0.10 psi; 
traveling- wave flutter usually occurred when Ap was greater than 0.15 psi and 
the direction of the loading was toward the cavity behind the panel. The flutter 
trends indicated by both boundaries were similar to experimental trends obtained 
previously for thermally stressed panels with length-width ratios from O .96 to 10. 
The standing-wave flutter results are compared with theory for the condition of 
zero midplane stress. 


INTRODUCTION 


Flutter characteristics of thermally stressed panels have become important 
with the advent of sustained supersonic flight and the aerodynamic heating asso- 
ciated with such flight conditions. Some effects of compressive stress and 
buckling, induced by aerodynamic heating, on the flutter characteristics of flat 
rectangular panels have been reported in references 1 to 5 . These investigations 
revealed that increases in panel skin temperature (or midplane compressive stress 
in the direction of air flow) makes a flat (unbuckled) panel more susceptible to 
flutter. The flutter trends are reversed for thermally buckled panels; thus, a 
panel is most susceptible to flutter when on the verge of buckling. The experi- 
mental trends presented in reference 2 for a length-width ratio of 0.9 6 were 
similar to the theoretical predictions of references 6 to 10 (for panels sub- 
jected to compressive stress only), and the data were in fair numerical agreement 
for conditions of zero midplane stress and at the onset of buckling. However, for 
panels with large length-width ratios (where higher mode flutter occurred) large 
discrepancies existed between theoretical and experimental trends. (See ref. 11.) 



Since theoretical methods have not advanced enough to determine reliable 
panel flutter boundaries, experimental results are generally used in design work. 
The dearth of available experimental data on the effects of the many parameters 
affecting the flutter characteristics of panels indicates the need for additional 
experimental investigations. 

The present investigation -was conducted in the Langley 9- by 6-foot thermal 
structures tunnel and was undertaken to determine some effects of compressive 
stress and buckling (induced by aerodynamic heating) on the flutter characteris- 
tics of elastically restrained panels with length- width ratios of 2.0. Single- 
bay panels, 24 inches long and 12 inches wide, were tested at a Mach number of 3*0 
at various dynamic pressures and stagnation temperatures. The differential pres- 
sure acting on the panels was controlled manually during the tests. During the 
initial part of the investigation the differential pressure was not accurately 
controlled and unusual effects of changes in the pressure difference across the 
panels were disclosed. Thereafter, this parameter was more precisely controlled 
in order to investigate these effects. 

The flutter data obtained in this investigation are presented in tabular 
form and also are summarized in terms of nondimens ional parameters in the form of 
flutter boundaries to indicate some effects of differential pressure, midplane 
compressive stress, and buckling on panel flutter. The experimental data are com- 
pared with theoretical results for simply supported and clamped panels for the 
condition of zero midplane stress. 


SYMBOLS 


a panel length (longitudinal direction, parallel to air flow) 

b panel width (lateral direction, perpendicular to air flow) 

e^|3 

D panel flexural stiffness, -y 

12(l - p 2 ; 

E Young’s modulus 

f frequency of flutter 

h panel skin thickness 

M Mach number 

N x = Oyh 

p^ free-stream static pressure 


Pb 


static pressure in cavity behind panel 
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Ap differential pressure acting on panel skin, p^ - 

q dynamic pressure 

T temperature 

T-fc stagnation temperature 

AT average increase of panel skin temperature 

t time 

a coefficient of thermal expansion of panel skin 


P = ^M 2 - 1 

jj. Poisson ! s ratio (taken equal to 0.3) 

a x average midplane stress in longitudinal direction 

a average midplane stress in lateral direction 

•J 


TESTS 


Panels 

The single-bay panels were of skin- stiff ener construction and consisted of 
flat sheets of O.O 37 -, 0.050-, O.O 63 -, and 0 . 078 -inch -thick 17-7 PH stainless 
steel riveted to channel- section stiffeners by single rows of rivets along the 
longitudinal and lateral edges. The panels were 2k inches long and 12 inches 
wide (between center lines of rivet rows). The stiffeners were approximately 
I .65 inches deep and were formed from 0 . 078 -inch- thick 17-7 PH stainless steel. 
Pertinent panel construction details are given in figure 1. 


Test Apparatus 

Tunnel .- All tests were conducted in the Langley 9- by 6 -foot thermal struc- 
tures tunnel, a Mach 3, intermittent blowdown facility exhausting to the atmos- 
phere. A heat exchanger is preheated to provide stagnation temperatures up to 
660° F and the stagnation pressure can be varied from 60 to 200 psia. Additional 
details on this tunnel are presented in reference 1 . 

Panel holder and mounting arrangement .- The panels were mounted in a panel 
holder which extended vertically through the test section (fig. 2). A cross 
section of the panel holder is shown in figure 3 * As can be seen from figure 3 * 
the panel holder has a half -wedge leading edge, flat sides, and a recess 
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29 inches wide, 30 inches high, and 5 inches deep for accommodating test speci- 
mens; the installation of instrumentation in the cavity reduces the effective 
depth to approximately 3*5 inches. The recess is located on the nonbeveled side 
of the panel holder. Pneumatically operated sliding doors protect test specimens 
from aerodynamic buffeting and heating during tunnel starting and shutdown. Aero- 
dynamic fences prevent shock waves emanating from the doors from interfering with 
the airflow over the test specimen. (The flow conditions over the exposed surface 
of a flat panel are essentially free-stream conditions as determined from pressure 
surveys of a flat calibration panel (ref. l).) A vent -door arrangement on the 
side opposite the recess for the panel is used to control the pressure inside the 
cavity behind the test specimen (fig. 3)- 



. 063 
.078 


All panels were mounted 
flush with the flat surface of 
the panel holder. The panels 
were attached to a mounting 
plate which was attached to a 
mounting fixture which in turn 
was bolted to a panel holder 
(fig. 4). Such a mounting 
arrangement provided elastic 
restraint against both inplane 
and rotational displacements 
at the edges of the panel. To 
improve control of the differ- 
ential pressure, all openings 
to the cavity behind the panel, 
except the vent door, were 
sealed. 


b-0.60- 


0.30 


r 


I .70 


Section A— A 
Typical all e dges 




Figure 1.- Panel construction details. (All dimen- 
sions are in inches . ) 


Instrumentation 

Iron-constantan thermo- 
couples, spotwelded to the 
panels at the 21 locations 
shown by the diamonds in fig- 
ure 5, were used to measure 
panel temperatures. Variable- 
reluctance-type deflectometers 
were used to determine motion 
of the panel skin. The deflec- 
tometers were located approxi- 
mately one-quarter inch behind 
the panel at the 6 positions 
indicated by the circles in 
figure 5* in addition, high- 
speed l6-millimeter motion 
pictures provided supplementary 
data on panel behavior. Grid 
lines were painted on panel 
skins for photographic purposes. 









(b) Leading and trailing edges. 
Figure k.- Panel mounting detail. 


Quick-response, strain-gage- type pressure transducers were used to measure 
static pressures at various locations on the panel holder and in the cavity 
behind the panels. Tunnel stagnation pressures were obtained from static pres- 
sures measured in the tunnel settling chamber. Stagnation temperatures were 
measured by total temperature probes located in the test section. For each test 
all temperature and pressure data were recorded on magnetic tape. Deflectometer 
data and differential pressures were recorded on high-speed oscillographs. 


Test Procedure 

The tests were conducted at a Mach number of 3*0, at dynamic pressures from 
1,500 to 5,000 pounds per square foot, and at stagnation temperatures from 310° F 
to 65O 0 F. The protective doors on the panel holder were opened after the 
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Section A— A Section B— B Section C— C Section D-D 


b I ron— constan tan thermocouple 
O Var i ab I e— re I uctance type def I ectome ter 
Figure 5-- Location of panel instrumentation. 


desired test conditions were established and were closed 3 seconds prior to tun- 
nel shutdown. The duration of test conditions varied between approximately 10 
and 60 seconds. The stagnation temperature was essentially constant during most 
tests but decreased during the latter portions of some tests. The dynamic pres- 
sure was constant during the first few seconds of all tests but was varied during 
the remainder of most tests in an attempt to obtain as many flutter points as 
possible; the occurrence of flutter was determined by monitoring the high-speed 
oscillographs during a test. The usual procedure for varying the dynamic pres- 
sure was as follows: 

(a) If no flutter had occurred after a predetermined period of time, the 
dynamic pressure was increased in an attempt to initiate flutter 

(b) If flutter had started and stopped, the dynamic pressure was increased 
in an attempt to restart flutter 
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(c) If the panel was still fluttering after a predetermined period of time, 
the dynamic pressure was decreased in an attempt to stop flutter. 

The differential pressure Ap was controlled manually during the tests. 
During the earlier tests Ap was to be maintained near zero. However, inaccu- 
rate control resulted in large negative values of Ap. Accurate control of Ap 
was obtained during the second test series. For these tests Ap was usually 
maintained near zero but was intentionally varied during several tests. 


RESULTS AND DISCUSSION 


Flutter was obtained in 19 of the 20 tests made in this investigation. 
Flutter occurred for both thermally stressed but unbuckled panels and for ther- 
mally buckled panels. Pertinent data for all tests are given in table I. The 
data tabulated include the stagnation temperature T-t, dynamic pressure q, 


panel skin temperature increase 



temperature parameter 


AT, differential pressure Ap, flutter parameter 
a , and flutter frequency f . 


Panel Temperatures 

At the beginning of a test the panel skin and supporting structure were at 
nearly the same temperature. Any temperature increase of the panels prior to 
opening the protective doors was usually insignificant. After a panel was 
exposed to the airstream, the skin temperature increased in a manner similar to 
the typical temperature histories shown in figure 6 (test 3). The top curve 
represents the average of thermocouples 7, 12, 13 , 14, 17 , 18 , and 19 ; individual 
temperatures for these thermocouples were within 10° F of the average value. The 
temperature histories for thermocouples 1 to 6, 8 to 11, 15 , 16 , 20, and 21 indi- 
cate that there were appreciable lateral and longitudinal temperature gradients 
in the panel skin near the supporting structure and large temperature gradients 
in the supporting structure. However, these temperature variations were neg- 
lected in analyzing the test data, and the average increase in temperature of 
thermocouples 7, 12, 13 , 14, 17 , 18 , and 19 was considered to be the temperature 
increase AT of the panel skin. 


Flutter Parameters 

The flutter data obtained in this investigation are summarized in terms of 
a dimensionless flutter parameter and a dimensionless temperature parameter. Of 

/ q V/3 a 

the quantities in the flutter parameter — , which is proportional to the 

\pE/ h 

cube root of the primary panel flutter parameter given by theory (for example, 
in ref. 6), only the dynamic pressure q. and the skin thickness h were varied 
in this investigation. Because of the short duration of the tests, changes in 
material properties with temperature were assumed to be negligible. 
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Figure 6.- Measured panel temperatures for test 3- 

The temperature parameter a AT^^ is a measure of the thermally induced 

midplane compressive stress in the skin in terms of the temperature rise AT, 
which has been nondimensionalized so as to be proportional (for no edge displace 

N x a^ N x a^ 

ments) to the stress ratio ; the ratio ■■■ _ is frequently used in theo- 

it4) 

retical analyses (for example, ref. 6). The temperature parameter was not modi- 
fied to account for the effects of Ap as was done approximately in reference 2 
Preference for the unmodified parameter resulted from several considerations. 

The panels of the present investigation were elastically restrained in such a 
manner that both inplane and rotational displacements occurred at the edges as 
the panel was heated. The inplane and rotational displacements were coupled and 
the rotation associated with inplane displacements due to heating induced curva- 
ture of the panel skin, with the amount of curvature (for Ap = 0) depending on 
the magnitude of AT. Therefore, the effects of Ap on the midplane stress and 
deflection shape would depend on the direction and magnitude of the pressure 
loading and the magnitude of AT. Because of these complications, modification 
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Results from all tests axe presented i 
eter and the temperature parameter. F 
s the panels was large ^|Ap | > 0.15 psi 


s of the flutter 
pressure differe 
d flutter occurr 
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/_q_\ '3 a 

Are/ h 


Pane I flat 
(unbuckled) 


Travel i n g— 
wave 
f 1 utter 

Stand i ng- 
wa ve 
f 1 utter 

O 

O 

m 

• 



i 

100 

i ’ 

200 


Figure 7 -** Effects of different- 
on flutter characteristics oj 
lenerth- width ratios of 2. 




as a traveling- wave type of motion that was periodic hut not necessarily harmonic. 
The square symbols in figure 7 represent flutter start or stop for this type of 
motion. The open symbols apply to panels that were not thermally buckled when 
dynamically stable and the solid symbols pertain to panels in a thermally buckled 
condition when dynamically stable. More precise control of the pressure differ- 
erence (|Ap| < 0.10 psi ) disclosed a standing -wave type of flutter that was har- 
monic. The circular symbols represent flutter points for this type of motion. 
Again, an open symbol indicates that a panel was not thermally buckled and a solid 
symbol indicates that a panel was thermally buckled. The half-solid symbols are 
no-flutter points. The solid curves are boundaries arbitrarily faired through the 
experimental flutter points. 

As can be seen from figure there are two distinct boundaries, one asso- 
ciated with standing- wave flutter and one with traveling-wave flutter. Each 
boundary consists of an unbuckled-panel portion, a buckled-panel portion, and a 
transition point, at the intersection of the two portions, where a panel is most 
susceptible to flutter. The overall trends exhibited by both boundaries are 
similar to trends obtained in previous experimental investigations ( refs . 1 to 5 ) • 


Traveling- wave flutter .- As can be seen from table I, most traveling-wave 
flutter occurred when the differential pressure was large ^|Ap| > 0.15 psi) and 
negative. However, for tests 1 and 17, traveling -wave flutter occurred for 


M < 0.15 psi. 


For a given value of 



the temperature increase 


required for traveling-wave flutter was much larger than the increase required 
for standing-wave flutter. As can be seen from figure 7> there is considerable 
scatter in the traveling -wave flutter data. This scatter is considered to be due 
to the large variations in A p (-0.02 to -0.69 psi) for the traveling-wave flut- 
ter. Neither the flutter parameter nor the temperature parameter account for the 
effects of Ap and no attempt was made to account for the effects of Ap on 
either the deflection shape or midplane stress. The boundary was not extended 


back to a AT 


(if 


of zero as this value would not indicate zero midplane stress 


for large values of Ap. However, the traveling-wave flutter boundary indicates 
that the thickness required to prevent flutter of a panel on the verge of buckling 
is considerably larger than the thickness required for panels subjected to only 
small 'amounts of midplane compressive stress. 


The flutter mode had three half-waves in the longitudinal (streamwise) direc- 
tion and one half-wave in the lateral direction and was similar (as to the number 
of half-waves) to the buckling mode. The similarity in flutter and buckling modes 
has been observed in previous investigations (refs. 1 to 4). The flutter motion 
consisted of a low frequency oscillation with some higher-frequency lower- 
amplitude motion present (fig. 8). As can be seen from figure 8, the low fre- 
quency motion at the three deflectometer locations was slightly out of phase. 


One panel was damaged during traveling- wave flutter. Observation of the test 
panel at the end of test 4 revealed that fatigue cracks had developed along the 
rivet lines at the trailing edge and the extreme downstream portions of the 
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Deflectoineter 


longitudinal edges. This panel had 
been subjected to 7*9 seconds of 
flutter during test 3 and- J>0.6 sec- 
onds of flutter during test 4. 

Standing -wave flutter .- As can 
be seen from table I, most standing- 
wave flutter occurred when Ap was 
small (Ap <0.10 psi). However, for 
tests 2, 8, and 13, Ap exceeded 
0.10 psi with a maximum value of Ap 
of - 0.26 psi occurring in test 13 • 

If these data are excluded, there 
is little scatter in the standing- 
wave flutter data, suggesting that 

the parameter a provides 

good correlation of flutter data for 
heated panels when Ap is small. 

The arbitrary boundary faired 
through the standing-wave flutter 
data (fig. 7) indicates a value of 

(ii) l/3 E ° f 3-T5f°r a«(|) 2 of 



0.01 sec 
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zero. However, the overall scatter 


is such that the value of ( — | 


1/3 


Figure 8.- Sample deflectomer record showing 
traveling-wave flutter. 


for 


a AT^^ of zero could possibly be between 3-^5 and 4.V?. The boundary 


shown in figure 7 indicates that at the transition point 


( 


S 

0E/ h 


is approxi- 


mately 2.0; the flutter and no-flutter points obtained in the vicinity of 
<1 N 1 / 3 a 

— — = 2.0 suggest this value is essentially correct for the transition 

ph j h 

point. Thus, the thickness required to prevent flutter when a panel is on the 
verge of buckling (transition point) is approximately twice the thickness 
required to prevent flutter of an unheated panel. 


The flutter mode consisted of one half-wave in both the lateral and longi- 
tudinal directions and again appeared to be similar to the buckle pattern. 
Motion pictures and deflectometer data revealed that the maximum amplitude of 
motion occurred in the downstream half of the panel and that the motion was 
essentially in phase at all three deflectometer locations (fig. 9). As can be 
seen from figure 9, the variations in amplitude at the three deflectometer sta- 
tions are larger than the variations for traveling- wave flutter (fig. 8). No 
apparent damage to the panels occurred during standing- wave flutter. 

Effects of differential pressure .- The results presented in table I and 
figure 7 indicate that the flutter behavior was dependent on the magnitude and 
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Figure 9.- Sample deflectomer record showing 
standing- wave flutter. 
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the variation of , 

\PE ) 

boundaries of figure 7* 
flutter | a = 18 , 


1/3 


— with 
h 


a ATi 


(If 


possibly the direction of the pres- 
sure difference across the panel. 

For example, in several instances a 
panel -was observed to respond to the 
standing-wave flutter boundary 
during one test and the traveling- 
wave flutter boundary during another 
test. Consider tests 8 and 9 
(table l), which were conducted on 
the same panel. During test 8, Ap 
was small and standing-wave flutter 
occurred. However, during test 
Ap was large (and negative), 
standing-wave flutter was suppressed, 
and traveling-wave flutter occurred 
at a much larger than indicated 

by the standing-wave boundary. This 
result clearly indicates that the 
type of flutter (resulting from an 
increase in AT) was dependent on 
the magnitude of the differential 
pressure. This is indicated also 
by the results of test 5 which are 
shown in figure 10. Figure 10(a) 
shows the variation of Ap with 

/ \ 2 

a ATf^ j and figure 10(b) shows 
Figure 10(b) also shows the flutter 


The circular symbol shows the start of standing-wave 
Ap = - 0.09 psiV The differential pressure remained 


essentially constant until a AT 


ef 


reached 110. As a AT 


(!) 


increased 


beyond 110, Ap began to increase negatively and the standing-wave motion changed 
to a combination of standing-wave motion and traveling -wave motion but was not 

2 

distinctly either type. This composite motion stopped when a AT^j reached 1 69 


and Ap was -0.35 psi. As a AT| 


constant. When a AT 


(tr 


(if 


increased beyond 1 69 , Ap was again nearly 


reached 195 (Ap = -0.3^ psi) traveling-wave flutter 


started, as indicated by the square symbol, and continued to the end of the test; 
Ap was approximately -O .35 to - 0.30 psi during the remainder of the test. The 
cessation of standing-wave flutter due to an increasing negative Ap also 
occurred during tests 15 and 17 ; for clarity these flutter points are omitted in 
figure 7 . 


Ik 


O Stan d i ng— wa ve flutter start 
□ Tra ve I i ng— wa ve flutter start 
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(a) Differential pressure. 




0 100 200 300 400 

aAT (*) 2 

(b) Flutter parameter. 

Figure 10.- Variation of flutter parameter and differential pressure with 
temperature parameter during test 5 wherein both standing- wave and 
traveling -wave flutter occurred. 

It is interesting to note that Ap was negative for all traveling-wave flut- 
ter. As noted previously, the panel edge restraint was such that the heated 
panels could he considered as slightly curved panels (bowed into the airflow) . A 
negative pressure loading on such a panel could possibly change the deflection 
shape from a single half-wave to several half-waves . On the other hand, a posi- 
tive pressure loading would not be expected to change the number of half-waves of 
the deflection shape. This suggests the possibility that the occurrence of the 
traveling-wave flutter depended on not only the magnitude of Ap but also on the 
direction of loading. Indeed, for test 2, Ap was fairly large and positive 
(Ap = 0.15 psi) but standing- wave flutter occurred. However, the lack of flutter 
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data for large positive values of Ap precludes any definite conclusions con- 
cerning the effect of the direction of loading. 

The reasons for the observed flutter behavior are not completely understood, 
nor is it clear whether the effects of Ap result from aerodynamics (change in 
deflection shape), variations in midplane stress, or both. However, the results 
suggest that the variations in flutter behavior were due to the type of panel 
edge restraint and variations in the magnitude and possibly the direction of Ap. 


Comparison With Theory 


The panels of this investigation were partially restrained on all edges. 
Such edge restraint is generally assumed to be intermediate between simply sup- 
ported and fully clamped; hence, the experimental results will be compared with 
theory for these two limiting cases. Since the experimental data are presented 
in terms of temperatures rather than measured stresses, the experimental results 
will be compared with theory only for the condition of zero midplane stress 

a ar(g f = o 


Theoretical predictions for zero midplane stress were calculated from the 
"exact” solutions of the flutter equation obtained by Hedgepeth (all edges simply 
supported, ref. (6)) and Houbolt (all edges clamped, ref. (8)). It should be 
noted that the solution for clamped panels is based on an assumed deflection 
shape in the lateral direction. In addition, in the theoretical value for 


2qa^ 

MD 


was 


clamped edges the Mach number M, which appears in the parameter 
replaced by 0 where 0 = ^M 2 - 1. As can be seen from figure 7, for 
a AT^^ 2 = 0 the standing-wave flutter boundary is bracketed by the theoretical 

l/j 

values of ( — ] — of 3.64 (all edges simply supported) and 4.23 (all edges 

\ 3E/ h 

clamped) . Considering the overall scatter in the data the experimental results 
of this investigation appear to be in reasonable agreement with either theory for 
zero stress. 


The experimental results at the transition point could be compared with 
theoretical values obtained from the transtability concept introduced by Isaacs 
(ref. 12). However, the stress ratio cfy/cTx an<i eci S e restraint for the panels 

of this investigation are not known accurately and the results of reference 3 
indicate that the flutter characteristics of panels on the verge of buckling are 
very sensitive to both the stress ratio ayyax and the edge restraint. Thus, 

the experimental results at the transition point are not compared with theory as 
the resulting agreement would depend to a large extent on the assumptions for 
ay/°x an( 3- the P ane l edge conditions. 
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CONCLUSIONS 


Flat, single-bay, skin- stiffener panels with length- width ratios of 2 were 
tested in the Langley 9 - by 6-foot thermal structures tunnel to determine some of 
the effects of thermal stress and buckling on the flutter characteristics of 
elastically restrained panels. The tests were conducted at a Mach number of 3.0 
and at various dynamic pressures, stagnation temperatures, and differential pres- 
sures. The tests revealed the following: 

1 . Two distinct flutter boundaries were obtained for two different types of 
flutter, standing- wave flutter and traveling-wave flutter. The standing -wave 
flutter mode consisted of one half-wave in both the lateral and longitudinal 
directions, whereas the traveling- wave flutter mode had three half-waves in the 
longitudinal (streamwise) direction. 

2 . Standing-wave flutter usually occurred when the differential pressure was 
less than 0.10 psi. Traveling- wave flutter generally occurred when the differ- 
ential pressure was greater than 0.15 psi and when the direction of loading was 
toward the cavity behind the panel. In several instances the initial flutter was 
of the standing-wave type, but increases in the differential pressure suppressed 
this motion and eventually initiated traveling- wave flutter. 

3. The flutter trends indicated by both boundaries were similar to experi- 
mental trends obtained previously for thermally stressed panels with length-width 
ratios from 0.9 6 to 10. 

k. For both types of flutter, the thickness required to prevent flutter of 
a panel on the verge of buckling (transition point) was considerably larger than 
the thickness required to prevent flutter of a panel subjected to only small 
amounts of midplane compressive stress. 

5. For the condition of zero midplane stress, the experimental results for 
standing-wave flutter were in general agreement with theoretical results. 


Langley Research Center, 

National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., September 6 , 1963 * 
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